Previous study on in vitro antiplasmodial activity of diaza phenanthrene analogs indicated that the 1,10-phenanthroline skeleton represents a potential antimalarial leader compound. Based on those skeletons, six derivatives of N-alkyl and N-benzyl-1,10-phenanthroline were synthesized and the in vitro antiplasmodial activities was evaluated. This paper reported the in vivo antiplasmodial activity study of the 1,10-phenanthroline derivatives performed by the classical 4-day suppressive test against Plasmodium berghei. Acute toxicity of each compound was determined after a single injection of the compound intraperitoneally in Swiss mice. The 50% effective dose (ED 50 ) of the compound ranged from 2.08 to 50.93 mg/kg of body weight, and the therapeutic indices (TIs) ranged from 2.06 to 7.57 except (1)-N-benzyl-1,10-phenantrolinium iodide, which was 58.38. All of the 1,10-phenanthroline derivatives had in vivo antiplasmodial activity and (1)-N-benzyl-1,10-phenantrolinium iodide was the most potent.
INTRODUCTION
Malaria is the most important parasitic disease of subtropical and tropical countries, and it is constantly changing, especially through the development of parasite resistance to standard antimalarial drugs such as chloroquine. Chloroquine has been the mainstay of falciparum malaria chemotherapy for decades: it is cheap, safe and practicable for outpatient use. Unfortunately, chloroquine resistance is now extensively spread in some countries, including Indonesia. Chloroquine resistance has been widespread at some endemic areas in Indonesia and the percentage of resistance varies from 10-97%. However, chloroquine remains the most commonly used first-line antimalarial drug in Indonesia. Based on data from the Indonesian ministry of health office in 2003, the annual parasite incidence in Java-Bali was 0,22 per 1000 population while the annual malaria incidence in outer Java-Bali was 21,8 per 1000 population. [1] [2] [3] Halofantrine has been identified as an effective drug against chloroquine resistant-P. falciparum. However this compound is remarkably expensive, and there is no parenteral formulation. In addition this compound is incompletely absorbed via the gastrointestinal tract and that the bioavailability varies. Halofantrine has also reported to prolong the electrocardiographic PR and corrected QT intervals. QT prolongation is a risk factor for ventricular arrythmias in patients consuming halofantrine.
1)
Based on the disadvantages of halofantrine, Yapi et al. 4) have synthesized diaza-analogs of phenanthrene by substituting the two nitrogen atoms in the phenanthrene skeleton. In vitro antiplasmodial activity of a series of diaza-analogs of phenanthrene derived from 3-amino, 5-amino, 6-amino, 8-aminoquinoline and 5-aminoisoquinoline showed that among the molecules evaluated the 1,10-phenanthroline skeleton was the most active compound in vitro on both chloroquine-resistant (FcB1) and chloroquine-sensitive (Nigerian) strain with an IC 50 of about 0.13 µM. Based on the skeleton, Mustofa et al. 4) have also synthesized thirteen derivatives of 1,10-phenanthroline and evaluated the in vitro antiplasmodial activity and their structureactivity relationship. Based on the best structureactivity relationship, six new compounds were synthesized: (1)-N-methyl-phenanthrolinium sulfate, (1)-N-ethyl-phenanthrolinium sulfate, (1)-N-benzyl-1,10-phenanthrolinium chloride, (1)-N-benzyl-1,10-phenanthrolinium bromide, (1)-N-benzyl-1,10-phenanthrolinium iodide and (1)-N-(4-metoxy-benzyl)-1,10-phenanthrolinium chloride.
The in vitro antiplasmodial activity among those compounds showed that five derivatives were active against P. falciparum FCR3 and D10 strains with an IC 50 about 0.10-0.86 µM, while the IC 50 of (1)-N-(4-metoxy-benzyl)-1,10-phenanthrolinium chloride was 0.23-3.60 µM. 5) This study was aimed to investigate the in vivo antiplasmodial activity of the N-alkyl-and N-benzyl-1,10-phenanthroline derivatives against P. berghei and the acute toxicity of the compound in experimental Swiss mice.
MATERIALS AND METHODS
Molecules Tested ---Six derivatives of 1-10-phenanthroline were evaluated for their in vivo antiplasmodial activity and acute toxicity. The molecules were synthesized by Mustofa et al. 6) Each molecule was different at the substituent on nitrogen atom in position 1 of the 1-10-phenanthroline skeleton. N-alkyl-1,10-phenanthroline derivatives consist of (1)-N-methyl-phenantrolinium sulfate and (1)-N-ethyl-phenanthrolinium sulfate while N-benzyl-1,10-phenanthroline derivatives consist of (1)-N-benzyl-1,10-phenanthrolinium chloride, (1)-Nbenzyl-1,10-phenanthrolinium bromide, (1)-N-benzyl-1,10-phenanthrolinium iodide and (1)-N-(4-metoxy-benzyl)-1,10-phenanthrolinium chloride (Fig. 1) . Parasite ---For testing the antiplasmodial activity of 1-10-phenanthroline derivatives, Swiss mice were infected with P. berghei (ANKA) obtained from Department of Parasitology Faculty of Medicine Gadjah Mada University, Indonesia. In vivo Antiplasmodial Assay ---in Vivo antiplasmodial activity of the compound was determined by the classical 4-days suppressive test of Peters et al. 7) Six groups of 10 Swiss mice (5 male and 5 female) weighing about 25 g bred at Department of Pharmacology and Toxicology Faculty of Medicine Gadjah Mada University were used. Each mouse was inoculated with 0.2 ml of 10 7 P. berghei infected erythrocytes intraperitoneally on day 0. Mice on group 1 to 6 were treated intraperitoneally 8, and 25.6 mg/kg of the compound respectively perform on the day of infection and repeated on day 1, day 2, and day 3 after the day of infection. Parasitemia levels were determined on the day following the last treatment. The ED 50 which is the dose leading to 50% parasite growth inhibition compared to growth in the negative control (treated with an equal volume of normal saline), was evaluated from a plot of activity (expressed as a percentage of the activity in the controls) versus the log dose. Assesment of Acute Toxicity in Mice ---Acute toxicity of each drug was evaluated after a single intraperitoneal injection of drug to fifty randomly bred male and female Swiss mice weighing 30 to 40 g with four drug doses divided into 5 groups. The drugs were administered intraperitoneally in a volume of 0.2 ml. The LD 50 was expressed as the 50% lethal dose, which corresponds to the dose leading to 50% deaths 14 days after drug injection. These experiments were conducted in accordance with the experimental animal guidelines of laboratory method for toxicology at Gadjah Mada University and the guidance of clinical testing for traditional medicine at the Indonesian Ministry of Health. 8, 9) 
RESULTS
Using the 4-days suppressive test on mice infected with P. berghei we could observe a substantial reduction of parasitemia compared to control, untreated mice. After 4 days of treatment with 1,10-phenanthroline derivatives, mean inhibition of parasite growth in the P. berghei-infected mice ranged from 10.88 ± 6.07% to 92.82 ± 4.21% (Table 1 ) and the mean inhibition of parasite growth in the chloroquine-positive control group ranged from 25.49 ± 21.12% to 99.29 ± 0.74% ( Table 2 ). The reduction of parasitemia was never complete, although in (1)-N-methyl-1,10 phenanthrolinium sulfate achieved a maximal inhibition of 92.82%. In this infection the ED 50 for N-alkyl-and N-benzyl-1,10-phenanthroline derivatives were ranged from 2.08 mg/kg to 50.93 mg/kg while the ED 50 of chloroquine was 0.20 mg/kg ( Table 3) . the TI of (1)-N-benzyl-1,10-phenanthrolinium iodide was 58.38 (Table 3) .
DISCUSSION
We investigated the antimalarial potencies of Nalkyl and N-benzyl-1,10-phenanthrolin derivatives in P. berghei infected mice. Treatment with those compounds significantly inhibited parasitemia compared to the non-treated group. Although the suppression of parasitemias was never complete (100% inhibition of parasite growth), the results indicate antiplasmodial potential.
Drugs act on organism by specifically interfering with cellular or biochemical processes (targets). The classic example of a drug target is an enzyme that's production may be inhibited by modifying its active sides to reduce its activity on its substrate and others. Effective drugs may exhibit a selective toxicity for the pathogen as compared to the host cells. Many factors contribute to this selective toxicity and these factors are not mutually exclusive. Rational drug design seeks to exploit these various factors to develop drugs which are highly toxic to the pathogen and at the same time exhibit minimal toxicity to the host. 9) Relatively few new antimalarial drugs are undergoing clinical testing. Halofantrine, identified in the 1940s, was not developed until the 1980s, and its use has been limited by variable oral absorption and cardiac toxicity. The drug is approved in the United States for treatment of chloroquine-resistant P. falciparum infection. 5, 10) Halofantrine is a nonnatural antimalarial agent possessing a phenantrolic skeleton, which has been reported to have good therapeutic effect but with some important side effects. 4) As the 1,10-phenanthrolinic ring system is a well-known metalloprotease inhibitor by chelating divalent metal ions, 4) we can reasonably also suppose that this phenomenon is implicated in the mechanism of action against malaria parasite.
Antimalarial drug development can follow several strategies, ranging from minor modification of existing agents to the design of novel agents that act against new target. Development of analogs of existing agents by chemical modifications of the compounds is to improve upon existing antimalarial agents. For example, chloroquine, primaquine and mefloquine were discovered through chemical strategies to improve upon quinine. An 8-aminoquinoline, tafenoquine, offer improved activity against hepatic-stage parasites over that of the parent compound, primaquine, and is effective for antimalarial chemoprophylaxis. Since halofantrine use is limited by toxicity, the analog lumefantrine was developed and is now a component of the new combination co-artemether.
11) Structure modification of mefloquine has been established by Karle and Karle. 12) (-)-Mefloquine has the same stereochemistry as quinine, and (+)-mefloquine has the same stereochemistry as quinidine. Since quinine and quinidine possess different antimalarial activities, the (+) and (-) isomers of mefloquine were tested against P. falciparum in vitro. (+)-Mefloquine is more potent than (-)-mefloquine in vitro against the D6 and W2 strains of P. falciparum and quinidine is more potent than quinine. Antimalarial mechanism and the relationship between the physicochemical properties and the antimalarial activities of 23 artemisinin analogues have been evaluated by Cheng et al. 13) Artemisinin is an effective antimalarial agent against chloroquine-resistant P. falciparum strains and cerebral malaria. However its poor solubility restricts its employment. In order to find more potent antimalarial derivatives a series of C12 ether and ester analogues have been synthesized. The study showed that introduction of groups to the 12-position of the dihydroartemisinin can improve their solubility.
Modification of drug structure is one possible method to get higher activity and lower toxicity while still acting on similar targets. This study showed that substitution of varies functional group in (1)-N-1,10-phenanthroline change its antiplasmodial activity. Activity of N-benzyl-1,10-phenanthroline derivatives was higher than that of N-alkyl-1,10-phenanthroline derivatives. N-benzyl-1,10-phenanthroline derivatives had greater proportion of non-polar molecules. This condition may support the compound to penetrate the cell membrane of microorganism, therefore, giving it higher antimicrobial activity. 14) Based on the structure, (1)-N-benzyl-1,10-phenanthrolinium chloride, (1)-N-benzyl-1,10-phenanthrolinium bromide and (1)-N-benzyl-1,10-phenanthrolinium iodide are non polar compared to (1)-N-metyl-1,10-phenanthrolinium sulfate and (1)-N-etyl-1,10-phenanthrolinium sulfate due to the existence of benzyl moieties in the former of structure. When compared to (1)-N-benzyl-1,10-phenanthrolinium chloride which exists as a chloride salt, (1)-N-benzyl-1,10-phenanthrolinium iodide should be more effective to interact with the cell membranes as this compound posses softer anion conjugate (I -). Likewise, the antimalarial activities of (1)-N-(4-metoxy-benzyl)-1,10-phenanthrolinium chloride was lower than those (1)-N-benzyl-1,10-phenanthrolinium bromide and (1)-N-benzyl-1,10-phenanthrolinium iodide as the molecular size of that compound is perhaps too bulky for the occurance of an effective interaction with the cell membranes.
The 4-aminoquinolines, chloroquine and amodiaquine, the quinoline methanols, quinine and mefloquine, and the phenanthrene methanol, halofantrine all exert selective toxicity towards the erythrocytic stages of malaria parasites and were developed based on a knowledge of quinine structure and activity. Morphological effects following treatment with mefloquine, quinine and halofantrine are similar to those observed following treatment with cloroquine, i.e. an initial swelling of the acid food vacuole. It is accepted that these antimalarial agents exert their antimalarial effects by interacting with the hemoglobin degradation process within the parasite, probably through an interaction with hematin, although the absolute mechanism of action is still debated. 10, 15) Further study is planed to evaluate the mechanism of action of the most active compound i.e. haem polymerization inhibition assay, protease inhibition assay and KCl-sodium dodecyl sulfate (SDS) precipitation assay. Study of the pharmacokinetics on animal model of these compound have also been planed.
In conclusion, we have reported the in vivo antiplasmodial activity and acute toxicity of N-alkyl and N-benzyl-1,10-phenanthroline derivatives on P. berghei-infected mice. From this evaluation those compounds appeared as potential antimalarial agents. Among the six 1,10-phenanthroline derivatives, 1-N-benzyl-1,10-phenanthrolinium iodide had the most effective antiplasmodial activity.
